The genome of the Kaposi sarcomaassociated herpesvirus (KSHV or HHV8) was mapped with cosmid and phage genomic libraries from the BC-1 cell line. 
Kaposi sarcoma (KS) is a vascular tumor of mixed cellular composition (1) . Its histology and relatively benign course in persons without severe immunosuppression has led to suggestions that KS tumor cell proliferation is cytokine-induced (2) . Epidemiologic studies indicate the tumor is under strict immunologic control and is likely to be caused by a sexually transmitted infectious agent other than HIV (3) . KSassociated herpesvirus (KSHV) was discovered in an AIDS-KS lesion by representational difference analysis and shown to be present in almost all AIDS-KS lesions (4) . These findings have been confirmed and extended to nearly all KS lesions examined from the various epidemiologic classes of KS (5) (6) (7) (8) (9) . KSHV is the eighth presumed human herpesvirus (HHV8) identified to date.
The virus was initially identified from two herpesvirus DNA fragments, KS330Bam and KS631Bam (4) . Subsequent sequencing of a 21-kb AIDS-KS genomic library fragment (KS5) hybridizing to KS330Bam demonstrated that KSHV is a gamma-herpesvirus related to herpesvirus saimiri (HVS) belonging to the genus Rhadinovirus (10) . Colinear homology (synteny) of genes in this region is maintained between KSHV and HVS, as well as Epstein-Barr virus (EBV) and equine herpesvirus 2. A 12-kb region (bacteriophage clones L54 and SGL-1) containing the KS631Bam sequence includes cyclin D and interleukin 8 receptor type a (IL-8Ra) homologs unique to rhadinoviruses (11) .
KSHV is not readily transmitted to uninfected cell lines (10) , but it is present in a rare B-cell primary effusion (body cavity-based) lymphoma (PEL) frequently associated with KS (12) . BC-1 is a PEL cell line containing a high KSHV genome copy number and is coinfected with EBV (13) . The KSHV genome form in BC-1 and its parental tumor comigrates with 270-kb linear markers on pulsed field gel electrophoresis (10) . However, the genome size based on encapsidated DNA from an EBV-negative cell line (14) is estimated to be 165 kb (15) . Estimates from KS lesions indicate a genome size larger than that of EBV (172 kb) (16) .
To determine the genomic sequence of KSHV and identify novel virus genes, we mapped contiguous, overlapping virus DNA inserts from BC-1 genomic libraries. With the exception of a small, unclonable repeat region at its right end, the genome was sequenced to high redundancy allowing definition of the viral genome structure and identification of genes that may play a role in KSHV-related pathogenesis.
MATERIALS AND METHODS
Library Generation and Screening. BC-1, HBL-6, and BCP-1 cells were maintained in RPMI 1640 medium with 20% fetal calf serum (10, 13, 17) . DNA (18) from BC-1 cells was commercially cloned into either Lambda FIXII or S-Cos1 vectors (Stratagene). Phage and cosmid libraries were screened by standard methods (19, 20) .
Initial library screening was performed using the KS330Bam and KS631Bam representational difference analysis fragments (4) . Overlapping clones were sequentially identified using probes synthesized from the ends of previously identified clones (see Fig. 1 ) (21, 22) . The map was considered circularly permuted by the presence of multiple, identical terminal repeat (TR) units in cosmids Z2 and Z6. Each candidate phage or cosmid was confirmed by tertiary screening.
Shotgun Sequencing and Sequence Verification. Lambda and cosmid DNA were purified by standard methods (18) . Shotgun sequencing (23, 24) was performed on sonicated DNA. A 1-4 kb fraction was subcloned into M13 mp19 (New England Biolabs) and propagated in XL1-Blue cells (Stratagene) (18) . M13 phages were positively screened by using insert DNA from the phage or cosmid, and negatively screened with vector arm DNA or adjacent genome inserts.
Automated dideoxy cycle sequencing was performed with M13 (Ϫ21) CSϩ or FS dye primer kits (Perkin-Elmer) on Applied Biosystems models 373A or 377 sequenators. Approximately 300 M13 sequences were typically required to achieve initial coverage for each 10 kb of insert sequence. Minimum sequence fidelity standards were defined as complete bidirec-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. tional coverage with at least four overlapping sequences at any given site. For regions with sequence gaps, ambiguities, and frameshifts, or that did not meet these criteria, primer walking was done with custom primers (Perkin-Elmer) and dye terminator chemistry (FS or Ready Reaction kits; Perkin-Elmer). An unsequenced 3-kb region adjacent to the right end TR sequence in the Z2 cosmid insert could not be cloned into M13 or Bluescript despite repeated efforts.
Sequence Assembly and Open Reading Frame Analysis. Sequence data were edited using FACTURA (Applied Biosystems) and assembled into contiguous sequences using electropherograms with AutoAssembler (Applied Biosystems) and into larger assemblies with ASSEMBLYLIGN (IBI-Kodak). Base positions not clearly resolved by multiple sequencing attempts (less than 10 bases in total) were assigned the majority base pair designation. The entire sequence (in 1-to 5-kb fragments) and all predicted ORFs were analyzed by using BLASTX, BLASTP, and BLASTN (25) . The sequence was further analyzed using MOTIFS (10) , REPEAT, and BESTFIT (Genetics Computer Group, Madison, WI), and MACVECTOR (IBI).
ORF Assignment and Nomenclature. All ORFs with homologies to HVS were identified. These and other potential ORFs having Ͼ100 amino acids were found using MACVECTOR. ORFs not homologous to HVS ORFs were included in the map (see Fig. 1 ) based on homology to known genes, optimum initiation codon context (26) , size, and position. Conservative selections were made to minimize spurious assignments; this underestimates the number of true reading frames. KSHV ORF nomenclature is based on HVS homologies; KSHV ORFs not homologous to HVS genes are numbered in consecutive order with a K prefix. ORFs with sequence but not positional homology to HVS ORFs were assigned the HVS ORF number (e.g., ORF2). As new ORFs are identified, we suggest they be designated by decimal notation. The standard map orientation (see Fig. 1 ) of the KSHV genome is the same as for HVS (27) and equine herpesvirus 2 (28) , and reversed relative to the EBV standard map (29) .
RESULTS
Genomic Mapping and Sequence Characteristics. Complete genome mapping was achieved with seven lambda and three cosmid clones (Fig. 1) . The structure of the BC-1 KSHV genome is similar to HVS in having a long unique region (LUR) flanked by TR units. The Ϸ140.5-kb LUR sequence has 53.5% GϩC content and includes all identified KSHV ORFs. TR regions consist of multiple 801-bp direct repeat units having 84.5% GϩC content ( Fig. 2A) with potential packaging and cleavage sites. Minor sequence variations are present among repeat units. The first TR unit at the left (Z6) TR junction (205 bp) is deleted and truncated in BC-1 compared with the prototypical TR unit.
The genome sequence abutting the right terminal repeat region is incomplete due to a 3-kb region in the Z2 cosmid insert that could not be cloned into sequencing vectors. Partial sequence information from primer walking indicates that this region contains stretches of 16-bp AϩG-rich imperfect direct repeats interspersed with at least one stretch of 16-bp CϩT-rich imperfect direct repeats. These may form a larger inverted repeat that could have contributed to our difficulty in subcloning this region. Greater than 12-fold average sequence redundancy was achieved for the entire LUR with complete bidirectional coverage by at least four overlapping reads except in the unclonable region.
The BC-1 TR region was examined by Southern blot analysis because sequencing of the entire region is not possible due to its repeat structure. BC-1, BCP-1 (an EBV-negative, KSHV infected cell line), and KS lesion DNAs have an intense Ϸ800-bp signal consistent with the unit length repeat sequence when digested with enzymes that cut once in the TR and hybridized to a TR probe (Fig. 2 B and C) . Digestion with enzymes that do not cut in the TR indicates that the BC-1 strain contains a unique region buried in the TR, flanked by Ϸ7-kb and Ϸ35-kb TR sequences (Fig. 2 C and D) . An identical pattern occurs in HBL-6, a cell line independently derived from the same tumor as BC-1, suggesting that this duplication was present in the parental tumor (Fig. 2 C and D) . The restriction pattern with NotI, which also cuts only once within the TR but rarely within the LUR, suggests that the buried region is at least 33 kb (data not shown). Partial sequencing of this region demonstrates that it is a precise genomic duplication of the region beginning at ORF K8 (data not shown). The LUR is 140.5 kb including the right end unsequenced gap (Ͻ3 kb). The estimated KSHV genomic size in BC-1 and HBL-6 (including the duplicated region) is Ϸ210 kb.
Based on the EBV replication model used in clonality studies (31) , the polymorphic BCP-1 laddering pattern may reflect lytic virus replication and superinfection (Fig. 2C) . The EBV laddering pattern occurs when TR units are deleted or duplicated during lytic replication and is a stochastic process for each infected cell (31) . No laddering is present for BC-1 which is under tight latent KSHV replication control (10) . KS lesion DNA also shows a single hybridizing band suggesting that virus in KS tumor cells may be of monoclonal origin. A monoclonal or oligoclonal banding pattern is present in most KS lesions examined (data not shown).
Features and Coding Regions of the KSHV LUR. The KSHV genome shares the seven block organization [blocks (B) 1-7; Fig. 1 ] of other herpesviruses (30) , with subfamily-specific or unique ORFs present between blocks [interblock regions (IB) a-h; Fig. 1 ]. ORF analysis indicates that only 79% of the sequenced 137.5-kb LUR encodes 81 identifiable ORFs, which is likely to be due to our conservative assignment of ORF positions. Additional potential coding regions are included as features in the map until experimental verification is available. The overall LUR CpG dinucleotide observed͞expected (O͞E) ratio is 0.75 consistent with a moderate loss of methylated cytosines, but there is marked regional variation. The lowest CpG O͞E ratios (Ͻ0.67) occur in IBa (bp 1-3200), in B5 (68,602-69,405), and IBh (117,352-137,507). The highest O͞E ratios (Ͼ0.88) extend from B2 to B3 (30, 849) , in IBe (67,301-68,600), and in B6 (77,251-83,600). Comparison to the KS5 sequence (10) shows a high sequence conservation between these two strains with only 21 point mutations over the comparable 20.7-kb region (0.1%). A frameshift within BC-1 ORF28 (position 49,004) compared with KS5 ORF28 was not resolvable despite repeated sequencing of KS5 and PCR products amplified from BC-1. Two additional frameshifts in noncoding regions (bp 47,862 and 49,338) are also present compared with the KS5 sequence.
Several repeat regions are present in the LUR (Fig. 1) Several genes with homologs to HVS ORFs have unique features. ORF45 has sequence similarity to nuclear and transcription factors (chicken nucleolin and yeast SIR3) and has an extended acidic domain typical for transactivator proteins between amino acids 90 and 115. ORF73 also has an extended acidic domain separated into two regions by a glutamine-rich sequence encoded by the moi repeat. The first region consists almost exclusively of aspartic and glutamic acid residue repeats while the second glutamic acid-rich region has a repeated leucine heptad motif suggestive of a leucine zipper structure. ORF75, a putative tegument protein, has a high level of homology to the purine biosynthetic enzyme of Escherichia coli
and Drosophila melanogaster N-formylglycinamide ribotide amidotransferase (FGARAT). ORFs K3 and K5 are not homologous to HVS genes but are similar to the major immediate early bovine herpesvirus type 4 (BHV-4) gene IE1 (12 and 13% identity, respectively) (32). While BHV-4 IE1 is spliced, it is not known if splicing occurs in either KSHV transcript. These genes have no significant homology to the herpes simplex virus 1 (HSV-1) ␣0 (which is homologous to BHV-4 IE1), but encode proteins sharing with the HSV-1 ICP0 protein a cysteine-rich region which may form a zinc finger motif (32) . The hypothetical protein encoded by ORF K5 has a region homologous to the nuclear localization site present in the late form of the BHV-4 protein. ORF K8 has a purine binding motif (GLLVTGKS) in the C terminus of the protein that is similar to a motif present in the KSHV thymidine kinase (ORF21) (10) .
No homologs to HVS ORF1, -3, -5, -12, -13, -14, -15, -51, and -71 were identified in the KSHV LUR sequence. HVS ORF1 codes for a transforming protein, responsible for HVS-induced in vitro lymphocyte transformation (33) and has poor sequence conservation among HVS strains (34, 35) . Functional homologs to this gene may be present but were not identifiable by sequence homology. Similarly, no homologs to EBV latency and transformation-associated proteins (EBNA-1, EBNA-2, EBNA-LP, LMP-1, LMP-2, or gp350͞220) were found despite some homology to repeat sequences present in these genes. KSHV also does not have a sequence homolog to the BZLF1 EBV transactivator gene.
Several sequences were not given ORF assignments although they have characteristics of expressed genes. The sequence between bp 90,173 and 90,643 shares homology to the precursor of secreted glycoprotein X (gX), encoded by a number of alpha-herpesviruses (pseudorabies, EHV1), and which does not form part of the virion structure. Like its homolog in EHV1, the KSHV form lacks the highly acidic carboxy terminus of the pseudorabies gene.
Two polyadenylylated transcripts expressed at high copy number in BCBL-1 (15) are present at positions 28,661-29,741 (T1.1) in IBb and 118,130-117,436 (T0.7) in IBh. T0.7 encodes a 60-aa peptide (ORF K12) called Kaposin, and T1.1, also referred to as nut-1 (D. Ganem, personal communication), has been speculated to be a U RNA-like transcript (15) .
Cell Cycle Regulation and Cell Signaling Protein Homolog Genes. A number of ORFs that are either unique to KSHV or shared only with other gamma-herpesviruses encode homologs to oncoproteins and cell signaling proteins. ORF16, homologous to EBV BHRF-1 and HVS ORF16, encodes a functional Bcl-2-like protein that can inhibit Bax-mediated apoptosis (R. Sarid, T. Sato, and Y.C., unpublished data). ORF72 (11) encodes a functional cyclin D homolog, also found in HVS (37) , that can substitute for human cyclin D in phosphorylating the retinoblastoma tumor suppressor protein (38) .
KSHV also encodes a functionally active IL-6 (ORF K2) and two macrophage inflammatory proteins (MIPs) (ORFs K4 and K6), which are not found in other human herpesviruses (39) . The viral (v)IL-6 has 62% amino acid similarity to the human IL-6 and can substitute for human IL-6 in preventing mouse myeloma cell apoptosis (39) . Both MIP-like proteins have conserved C-C dimer signatures characteristic of ␤-chemokines and near sequence identity to human MIP-1␣ in their N-terminus regions. MIP-I (ORF K6) can inhibit CCR-5-dependent HIV-1 replication (39) . A sequence at bp 22,529-22,185 has low conservation with MIP-1␤ (BLASTX poisson, P ϭ 0.0015) but retains the C-C dimer motif. ORF K9 (vIRF) encodes a hypothetical 449 aa protein with homology to the family of interferon regulatory factors (IRFs) (40) . It has 13.4% amino acid identity to human interferon consensus sequence binding protein and partial conservation of the IRF DNA binding domain (39) . Three additional nondesignated sequences at bp 88,910-88,410, 90,541-89,600 and 94,127-93,636 also have low homology to IRF-like proteins (P Ն 0.35).
No conserved interferon consensus sequences were found in this region of the genome.
Other potential signal transduction homologs, which are also found in other herpesviruses, include a complement-binding protein homolog (v-CBP, ORF4), a neural cell adhesion molecule (NCAM)-like protein (v-adh, ORF K14), and an IL-8 receptor homolog (ORF74). Homologs to ORF4 and -74 are present in other rhadinoviruses and ORF4 is homologous to variola B19L and D12L proteins. ORF K14 (v-adh) is homologous to the rat and human OX-2 membrane antigens, various NCAMs and the poliovirus receptor-related protein PRR1. OX-2 is in turn homologous to ORF U85 of human herpesviruses 6 and 7, but there is no significant homology between the KSHV and betaherpesvirus OX-2͞NCAM homologs. Like other immunoglobulin family adhesion proteins, v-adh has V-like, C-like, transmembrane and cytoplasmic domains, and a potential RGB binding site at residues 268-270. The vIL-8R has a seven transmembrane spanning domain structure characteristic of G-protein coupled chemoattractant receptors (11) which includes the EBV-induced EBI1 protein (41) .
DISCUSSION
The full-length sequence of the KSHV genome in BC-1 cells provides the opportunity to investigate molecular mechanisms of KSHV-associated pathogenesis. The KSHV genome has standard features of rhadinovirus genomes including a single unique coding region flanked by high GϩC terminal repeat regions which are the presumed sites for genome circularization. In addition to having 66 conserved herpesvirus genes involved in herpesvirus replication and structure, KSHV is unique in encoding a number of proteins mimicking cell cycle regulatory and signaling proteins.
Our estimated size of the BC-1 derived genome (210 kb including the duplicated portion) is consistent with that found using encapsidated virion DNA (15) . Genomic rearrangements are common in cultured herpesviruses (29, 42) . However, the genomic duplication present in the BC-1 KSHV probably did not arise during tissue culture passage. TR hybridization studies indicate that this insertion of a duplicated LUR fragment into the BC-1 TR is also present in KSHV from the independently derived HBL-6 cell line (43) . It is not known whether this duplication accounts for the inability of KSHV in BC-1 cells to be induced into full lytic replication.
Despite this genomic rearrangement, the KSHV genome is well conserved within coding regions. There is less than 0.1% base pair variation between the BC-1 and the 21-kb KS5 fragment isolated from a KS lesion. Higher levels of variation may be present in strains from other geographic regions or other disease conditions. Within the LUR, synteny to HVS is lost at ORF2 and -70, but there is concordance in all other regions conserved with HVS. Several conserved genes, such as thymidine kinase (10), thymidylate synthase and dihydrofolate reductase [which is present in HVS (27) but not human herpesviruses], may encode proteins that are appropriate targets for existing drugs.
Molecular mimicry by KSHV of cell cycle regulatory and signaling proteins is a prominent feature of the virus. The KSHV genome has genes encoding homologs to cellular complement-binding proteins (ORF4), cytokines (ORFs K2, K4 and K6), a Bcl-2 protein (ORF16), a cytokine transduction pathway protein (K9), an IL-8R-like protein (ORF74), and a D-type cyclin (ORF72). Additional regions potentially coding for proteins with low homology to MIP and IRF-like proteins are also present in the KSHV genome. There is a striking parallel between the cellular homologs encoded by KSHV and cellular genes known to be induced by EBV infection. Cellular cyclin D, CD21͞CR2, Bcl-2, an IL-8R-like protein (EBI1), IL-6 and adhesion molecules are upregulated by EBV infection (41, (44) (45) (46) (47) . This suggests that KSHV modifies the same signaling and regulation pathways as EBV modifies after infection, but does so by introducing exogenous genes from its own genome. Cellular defense against virus infection commonly involves cell cycle shutdown, apoptosis (for review, see ref. 48 ) and elaboration of cell-mediated immunity (CMI). The KSHVencoded v-Bcl-2, v-cyclin, and vIL-6 are active in preventing either apoptosis or cell cycle shutdown (refs. 38 and 39 and unpublished observation). Functional studies for other gene homologs, such as v-IRF, v-CBP, and ORF74 are in progress. These may be either agonists or antagonists of their cellular counterparts. At least one of the ␤-chemokine homologs, v-MIP-I, prevents CCR5-mediated HIV infection of V-MIP-I transfected cells (39) . ␤-Chemokines are not known to be required for successful EBV infection of cells although EBVinfected B cells express higher levels of MIP-1␣ than normal tonsillar lymphocytes (49) . The autocrine dependence of EBVinfected B cells on small and uncharacterized protein factors in addition to IL-6 (36) leads to speculation that ␤-chemokines may also play a role in the EBV life cycle. KSHV has not formally been shown to be a transforming virus and homologs to the major transforming genes of HVS and EBV are not present in the BC-1 strain KSHV. Nonetheless, dysregulation of cell proliferation control caused by the identified KSHV-encoded protooncogenes and cytokines may contribute to neoplastic expansion of virus-infected cells. Preliminary studies suggest that subgenomic KSHV fragments can transform NIH 3T3 cells (R. Sarid, unpublished data). If KSHV replication, like that of EBV, involves recombination of TR units (30) , a monomorphic TR hybridization pattern present in a KS lesion would indicate a clonal virus population in the tumor. This is consistent with KS being a true neoplastic proliferation arising from single transformed, KS-infected cell rather than KSHV being a ''passenger virus.'' Identification of KSHV homologs to known oncoproteins and cell proliferation factors in the current study provides evidence that KSHV is likely to be a transforming virus.
